Due to aerospace equipment's need to maintain a certain degree of safety and reduce the system risk of operation, relevant maintenance and inspection strategies should be developed to meet the requirements of risk quantitative indicators. The inertial navigation system commonly used in aerospace products is taken as an example, and a sequential inspection and maintenance model based on quantitative risk constraints and component importance is proposed in this paper. Firstly, based on the quantitative constraints of the system risk and the importance of the components, the reliability constraints of the components in the inertial navigation system are determined by the fault tree analysis method. Secondly, the Wiener process is used to establish a performance degradation model for a key component of the inertial navigation system, and the expression of real-time reliability distribution is obtained with close form by use of the first-hitting time theory. The adaptive estimation method is used to estimate the unknown parameters of the model. Once the new degradation information is available, the parameters should be updated with a Bayesian equation. Thirdly, a sequential inspection model is discussed to determine the optimal intervals to satisfy the requirements for the real-time reliability at a certain time. Finally, an example of the drift data of the gyroscopes in the inertial navigation system is given to illustrate the validity of the proposed method.
Introduction
Risk-based maintenance is widely used in high-risk areas such as aerospace. With the upgrading of equipment systems, the design of related systems has become more and more complicated, and some kinds of risks that may arise in equipment systems have also become more and more diversified. Due to the poor operating environment, the maintenance becomes complicated and difficult. Any problems in the design, manufacture and maintenance of the products may cause some economic losses as well as serious safety accidents. Therefore, it is necessary to analyze the safety risk of related systems and make scientific and effective maintenance decisions during operation or storage. It is of vital significance to aerospace products to control the risk within a certain range.
Although there are several definitions for risk, in maintenance engineering it has always been viewed as a combination of two attributes: likelihood (i.e., a description, even rough, of the uncertainty in the occurrence of the failure event) and severity (i.e., a quantification of the impact of the failure on properties, environment, safety, production, etc.) [1] . To quantify the severity of personnel injury and environmental pollution, a failure modes and effects analysis method is developed using subjective information derived from domain experts by Wang [2] . Using classic definition of risk, a riskbased inspection methodology was proposed by Tan to evaluate the maintenance strategy in industrial process [3] . Based on a pre-selected acceptable level of risk, a risk-based maintenance strategy for power-generating plants was developed by Krishnasamy et al. [4] . In order to avoid hazardous events or minimize their consequences, a simulation framework based on the Petri Net model was proposed by Vileiniskis for performing quantitative risk prognosis through extension of the bow-tie model [5] . The above methods are based on the risk of quantitative constraints, and relevant maintenance strategies have been developed scientifically. However, the risk analyses above are all from component part to system level, and risk analyses from system level to component level are very rare. In this paper, the reliability of components will be analyzed from the risk quantitative constraints of system level based on the components' importance, and the related maintenance strategy will also be developed.
The Wiener process-based degradation model is a statistical data driven method that has been extensively utilized in modeling degradation paths both academically and practically. Its biggest advancement is that the distribution of failure time can be formulated as an inverse Gaussian distribution. Ye [6] et al. successfully applied the Wiener process to fatigue crack growth analysis. Li [7] et al. proposed a generalized Wiener process model for the accelerated degradation test (ADT) analysis. In order to study the optimal inspection/replacement condition-based maintenance (CBM) strategy for a multi-unit system, degradation of each component is assumed to follow a Wiener process and periodic inspection is considered in [8] . These all demonstrate that the Wiener process model can achieve satisfactory result by using large sample data. However, most aviation products are costly and have high reliability. It is almost impossible to obtain enough data of the failure life through the life test or accelerated degradation test, and the "zero failure" phenomenon may even occur. Therefore, we will consider establishing the degradation model based on the Wiener process by using small sample data so that it can be more suitable for aviation products. In order to ensure the normal operation of products and preventive maintenance, variation in reliability under different conditions should also be considered. Real-time reliability evaluation is ideal because the factors that affect reliability change continuously with time for dynamic systems. Yan [9] developed a two-phase Wiener degradation model to evaluate the real-time reliability of devices. Zhang [10] et al. proposed an effective method and established a framework for the real-time reliability assessment based on BHM (bridge health monitoring) acceleration information. Real-time reliability evaluation is conducive to establishing a condition based maintenance system for the purpose of guaranteeing continuous train operation, so Zhang [11] et al. proposed a method of evaluating the real-time reliability of on-board equipment at the component level based on the Hidden Markov Model (HMM). Therefore, the realtime reliability will be the constraint of the maintenance strategy, and thus we can ensure the high reliability of aviation products.
It is a significant challenge for engineers to define the appropriate inspection interval in terms of the uncertainty in product deterioration and environment change. Fewer inspections will lead to lower reliability, and frequent inspection will lead to higher cost. Therefore, the optimal inspection policy should be set up, and there will be a tradeoff between reliability and operation cost. For long-storage products, Feng [12] proposed a sequential inspection method based on the Weibull distribution, and the sequential inspection interval is confirmed based on the requirement of storage reliability. Zhao [13] et al. developed several approximate models for optimal replacement, maintenance, and inspection policies, and sequential maintenance policies were given by the simpler forms and their optimal solutions showed good approximations for the exact policies. Considering the optimization of alarm threshold, a sequential inspection scheme was determined by Jiang [14] . Therefore, the sequential inspection and maintenance policy will be used in this paper, which will improve the efficiency of inspection and maintenance of the aviation products.
The aim of this paper is to find the optimal maintenance policy for the aviation products. The model of this paper can make full use of the mathematical properties of the Wiener process and convert the quantitative constraint of system risk into the reliability quantitative constraint of components according to the components' importance. Moreover, a variety of algorithms are used to iteratively update the model parameters, which realize the real-time updating of parameter estimation and the adaptive prediction of remaining life. Combined with the requirement of real-time reliability, the sequential inspection policy is determined for the aviation product, thus reducing the number of inspections and maintenance greatly. This paper is organized as follows. In Section 2, the maintenance strategy based on risk quantitative constraint is described. In Section 3, the proposed methodology for sequential inspection model is introduced in detail. In Section 4, a numerical example of the gyroscopes used in inertial navigation system is given to verify the validity of the proposed method. Conclusions and some future works are drawn in Section 5. 
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Determination of Reliability Constraints for Components
According to the definition of risk [12] , the risk can be expressed as the following mathematical formula:
Here, RS represents the value of risk, P represents the probability of an uncertain event, and E indicates the consequences of an uncertain event. According to engineering practice, it is necessary to control the risk in a certain range based on the requirements of the safety of the product system. Generally, a risk threshold is required and is set as * . RS Since E is a constant generally, the constraint value of risk probability P can be obtained, which is denoted as * P . Thus, the reliability constraint value of the system can be obtained and is represented by * R , then:
The quantitative constraints of the system risk is converted into the constraint of the system reliability. However, as the product functions increase, the system structure becomes more and more complex and the number of component types becomes increasingly large, so the inspection of each part to determine the health state of the product system and the formulation of a corresponding maintenance and inspection strategy are not very practical. However, it is feasible to develop a corresponding inspection and maintenance strategy by converting the occurrence probability of the system risk into the reliability constraint value of typical components. Therefore, a reliability allocation method based on risk constraints and component importance is proposed in this paper. The specific analysis process is shown in Figure 1 . 
Sequential Inspection Model based on Real-Time Reliability
In this paper, the gyroscope of inertial navigation system used in the aviation product is taken as the research object. It is found that the degradation processes of many aviation products' performance are random and uncertain. The Wiener process can accurately describe the time uncertainty of the degradation process, and it is also easier to deal with the error of data measurement. Due to the long service life and high cost of maintenance of aviation products, periodic inspection or real-time monitoring is generally required. If the performance degradation is found to exceed the failure threshold, the component will be replaced immediately. The diagram of inspection and maintenance cycle is shown in Figure 2 . 
S ik k R l X of the real-time reliability can be derived.
Finally, the inspection interval ik t  is determined to satisfy the requirement of reliability constraint value * r of the component, so the next inspection time is ( 1) i k ik ik t t t     .
Methodology
Establishment of the System Fault Tree
Taking the inertial navigation system as an example, there are two reasons for the failure of the inertial navigation system T, which are the factors A and B. The fault tree of the inertial system is established by analyzing the structure and function of the inertial platform, and it is shown in Figure 3 .
The Fussell-Vesely method is used to find all the minimum cut sets of the fault tree, and five minimum cut sets of the fault tree can be obtained: {C, D, E, F, G}. According to the non-Boolean algebraic method, the probability function S F of the top event can be obtained: 
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Determination of the Component Reliability Constraint Value
The initial value of the reliability of each component that makes up the minimum cut set is set as 0 i r , and then the reliability of each minimum cut set can be obtained as follows:
The system reliability S R can be expressed as follows:
According to literature [15] and the principle of reliability allocation, the low reliability [ / ]
Where 0 k represents the number of minimum cut set needed to improve the reliability, 0 k is determined by trial and error method, and 0 R needs to satisfy the inequality 00 01 kk R R R   ; thus, the reliability requirement of each minimum cut set can be determined. Then, the reliability requirements will be assigned to each basic event according to the structural importance.
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I is defined as the importance of each basic event, the initial reliability of each basic event is set as therefore, the reliability that should be assigned to the basic components is 0 i i i r r r    . For the basic events of high importance, the increment of the assigned reliability should also be larger. Therefore, it is reasonable that the increment and the importance of each event depend on the following proportion: 
By solving the equations, we can get the values of 12 r . When multiple minimum cut sets contain the same basic component, multiple reliability constraint values of the component will be obtained, and the maximum value of these should be the final reliability constraint value of the component.
Real-Time Reliability Evaluation of the Component
For a running inertial navigation system, its real-time reliability needs to be assessed in order to carry out related inspection and maintenance activities. In this paper, the gyroscope is taken as the research object. If it is known that the gyroscope has not failed at the current moment, a conditional probability can be used to indicate the reliability level of the gyroscope. When the new degenerated data is obtained, the real-time reliability is further updated. The Wiener process is used to describe the degradation process of the gyroscope's drift data. Based on the theory of the first-hitting time [16] , the product is considered invalid when the drift data { ( ), 0} X t t  first reaches the failure threshold , w so we can use Equation (10) ( ; , ) ( )
According to literatures [17] [18] , when kk t t l , the real-time reliability of the remaining life k l can be obtained: 
Based on the adaptive algorithm in [18] , combining the strong tracking filtering algorithm, the RTS smoothing algorithm, and the EM algorithm, the parameter estimation
based on the degradation inspection data 0:k X can be adaptively updated.
Determination of Sequential Inspection Intervals
It can be seen that when the relevant parameters are obtained, the predicted value of product performance degradation and the real-time reliability of the remaining life can be obtained at each measurement point. Specifically, in order to make the model parameters converge faster and achieve higher accuracy in the case of small sub-samples, the approximate initialization parameters
required in the EM algorithm can be calculated according to the historical data of similar products. For a gyroscope, which is an important part of the inertial navigation system, the requirement of real-time reliability is determined as * r (constant) according to the proposed method in Section 2, and the degradation threshold of drift coefficient is represented by w . The specific analysis process of sequential inspection and maintenance based on the real-time reliability requirements * r is shown as follows:
Determination of the Initial Inspection Time t 01 and t 02 for the New Gyroscope
In order to estimate the parameter ˆk  more accurately and make parameter estimation converge more quickly, two state information of the product are required at least. Conservatively, the interval for the first inspection is set to be the same as the second inspection considering the product safety and reliability, i.e., 01 02 = / 2 tt . The real-time reliability should be guaranteed before the next inspection, so the following expression is based on Equation (13):
Thus, the second inspection time 02 t satisfies the following formula: 
Based on the monotonicity of the distribution function, it is easy to get the solution 02 If the degradation data of the next inspection still does not exceed the failure threshold w , the new inspection data 0k x and parameter 0( -1) k θ will be integrated to estimate the parameter 0 k  recursively, and then the interval after each inspection can be determined. Similarly, the next inspection time will meet the following condition:
For further consideration, if the degradation data 0n
x exceeds the failure threshold w during the inspection, this component will be replaced. Then, all the degradation data ( 1) 
Similarly, ˆi k t  can be easily obtained by using MATLAB, so there is:
Numerical Example
Determination of Gyroscope Reliability Constraint Value
Assuming the failure of an inertial navigation system will result in an economic loss of 1,000,000 USD for aviation equipment, the risk loss of engineering requirement should be controlled within 100,000 USD during inspection and maintenance. Therefore, the failure probability is * 0.1  P , and the system reliability threshold is * 0.9  R . When the initial reliability of all basic components is 0.5, the reliability of the five minimum cut sets should be increased to (1/ 5 ) 0 0.9 0.9791 R . In addition, when the initial reliability of all basic components is 0.5, the structure importance of each component is equal to the probability importance, and then If the gyroscope is not inspected, the theoretical service life will be about 8.7 hours when * r =0.903. However, if the sequential inspection method is used, the effective service life of the material is about 21 hours, which is close to the theoretical failure time of 21.5 hours. The service life of aviation products is extended effectively.
As shown in Table 1 , the sequential inspection interval is not equal spacing, and the number of inspections is reduced from 6 times to 5 times after one maintenance and to 4 times after two maintenances. As the data accumulates, the number of inspections can be further reduced. Therefore, the sequential inspection method proposed in this paper can not only effectively reduce the number of inspections, but also improve the efficiency of inspection and maintenance while ensuring the reliability of aviation products.
It can be seen that the convergence rate of model parameters is very fast in the case of small sample data, and the prediction accuracy also meets requirements of real applications. 
Conclusions
In this paper, a sequential inspection model based on risk quantitative constraint and component importance for aviation products has been proposed. System reliability is determined based on the quantitative constraint of system risk, and then according to the structure importance of each component, the system reliability is assigned to each basic component. Thus, the system risk quantitative constraint is converted into the reliability constraint of the basic component. Developing related sequential inspection and maintenance strategies based on the component reliability constraint not only makes the system inspection and maintenance become simple and feasible, but also controls the overall risk of system within the scope of the actual engineering requirement. In addition, it is known that in the actual operation process of aviation products, the mechanism of performance degradation is complex and the degradation process shows randomness. The sequential inspection method can adaptively update the relevant parameters of the degradation model in real time so that the time of each inspection and maintenance can be determined more accurately. The method can not only ensure the reliability of the product, but also avoid the problems of over-inspection and under-inspection that may be caused by the traditional equalpitch cycle inspection. The number of inspection data is also required less by the sequential inspection method. Moreover, the convergence rate of relevant parameters becomes faster by integrating the historical information of the same type products, and the model has good robustness so as to ensure the reliability requirement and the prediction accuracy of the aviation products, which is very suitable for the determination of inspection and maintenance intervals of the new smallsample product.
The research of this paper is carried out under the condition of considering the perfect maintenance for the product. In some cases, the performance of the product as a whole is affected by other non-replaceable parts and some environmental factors, so the performance cannot recover as new after maintenance. Therefore, further studies will consider the inspection method for the products in the case of imperfect maintenance.
